Multiple genetic alterations are associated with prostate carcinogenesis. Tumor-suppressor genes phosphatase and tensin homolog deleted on chromosome 10 (Pten) and androgen upregulated gene 19 (U19), which encodes ELL-associated factor 2 (EAF2), are frequently inactivated or downregulated in advanced prostate cancers. Previous studies showed that EAF2 knockout caused tumors in multiple organs and prostatic intraepithelial neoplasia (PIN) in mice. However, EAF2-knockout mice did not develop prostate cancer even at 2 years of age. To further define the roles of EAF2 in prostate carcinogenesis, we crossed the Pten þ / À and EAF2 þ / À mice in the C57/BL6 background to generate EAF2 À / À Pten þ / À , Pten þ / À , EAF2 À / À and wild-type mice. The prostates from virgin male mice with the above four genotypes were analyzed at 7 weeks, 19 weeks and 12 months of age. Concomitant loss of EAF2 function and inactivation of one Pten allele induced spontaneous prostate cancer in 33% of the mice. Prostatic tissues from intact EAF2 À / À Pten þ / À mice exhibited higher levels of phospho-Akt, -p44/42 and microvessel density. Moreover, phospho-Akt remained high after castration. Consistently, there was a synergistic increase in prostate epithelial proliferation in both intact and castrated EAF2 À / À Pten þ / À mice. Using laser-capture microdissection coupled with real-time reverse transcription-PCR, we confirmed that co-downregulation of EAF2 and Pten occurred in 450% clinical prostate cancer specimens with Gleason scores of 8-9 (n ¼ 11), which is associated with poor prognosis. The above findings together demonstrated synergistic functional interactions and clinical relevance of concurrent EAF2 and Pten downregulation in prostate carcinogenesis.
INTRODUCTION
Prostate cancer is the second most common malignancy in males worldwide and the second leading cause of cancer deaths in the US males. 1 Despite significant research progress in recent decades, prostate cancer remains a major lethal disease. Elucidating the mechanisms of prostate carcinogenesis may lead to new approaches for the prevention, diagnosis, prognosis and/or treatment of prostate cancer. Prostate carcinogenesis involves multiple genetic and molecular abnormalities. 2 Defining the functional significance of these abnormalities will provide new insights into the mechanisms of prostate carcinogenesis. Genetically engineered mouse models provide a powerful tool to define the importance of various genes and molecules in prostate carcinogenesis. 3 One frequent molecular change in prostate carcinogenesis is the downregulation of a novel prostate tumor suppressor, ELL-associated factor 2 (EAF2), which is encoded by an androgen upregulated gene 19 (U19). 4 Our previous studies showed EAF2 downregulation in B80% of advanced human prostate cancer specimens, and that EAF2 downregulation was associated with allelic loss, promoter hypermethylation and/or potential homozygous deletion. Ectopic expression of EAF2 induced apoptosis in prostate cancer cells both in the culture and xenografts, and also inhibited the growth of tumor xenografts. 4 Consistent with its potential tumor suppressive role, EAF2-knockout mice with mixed genetic background developed late-onset lung adenocarcinoma, hepatocellular carcinoma, B-cell lymphoma and high-grade prostatic intraepithelial neoplasia (PIN), which is the putative precursor of prostate cancer. 5 This raised the possibility that EAF2 inactivation may drive prostate cancer progression in the presence of other molecular abnormalities.
Another frequent molecular change in prostate carcinogenesis is the loss of tumor suppressor gene phosphatase and tensin homolog deleted on chromosome 10 (Pten). Pten is one of the best characterized tumor suppressors and is one of the most frequently mutated/deleted genes in multiple human cancers, including prostate cancer. 6, 7 Pten counteracts phosphoinositide-3-kinase signaling by balancing phosphatidylinositol 4, 5-phosphate and phosphatidylinositol 3, 4, 5-phosphate levels. [8] [9] [10] Phosphatidylinositol 3, 4, 5-phosphate accumulation leads to the phosphorylation of downstream targets, including Akt, and subsequently modulates the activities of further downstream effectors and cellular biology functions, including proliferation, apoptosis, cell size, polarity, metabolism, adhesion, migration and angiogenesis. 9, 11, 12 Complete Pten inactivation has been reported in about 20% of primary prostate tumors and up to 60% of prostate cancer metastases. 8 Homozygous Pten deletion is embryonically lethal in the mouse model, indicating its essential role in early animal development. Pten heterozygous deletion mice developed severe hyperplastic and dysplastic lesions in different organs, including the prostate. 13, 14 Prostate-specific Pten homozygous knockout mice developed prostatic hyperplasia, murine PIN (mPIN) and ultimately prostate cancer, demonstrating its role as a tumor suppressor in the prostate. [15] [16] [17] [18] Because Pten is frequently mutated/inactivated in human prostate cancer along with other molecular and genetic abnormalities, Pten-knockout mice have been frequently used to generate compound gene knockout mice to evaluate the role of other genes in prostate cancer progression. 3, 15, 19, 20 In the present study, we have generated EAF2 À / À Pten þ / À mice and demonstrated synergism between EAF2 homozygous deletion and Pten heterozygous deletion in promoting prostate carcinogenesis. In addition, we have provided evidence for concurrent downregulation of EAF2 and Pten in advanced human prostate cancer specimens. These findings demonstrate a clinical relevance for the murine prostate cancer induced by concurrent EAF2 homozygous deletion and Pten heterozygous deletion.
RESULTS
EAF2 À / À Pten þ / À prostate was significantly enlarged in the mouse model To determine whether EAF2 homozygous deletion and Pten heterozygous deletion can have synergistic effect on the prostate in vivo, we crossed EAF2 þ / À mice 5 with Pten þ / À mice 21 and generated wildtype, EAF2 À / À , Ptenþ / À and EAF2 À / À Pten þ / À mice. Each animal was genotyped by PCR analysis of tail genomic DNA and confirmed by repeating PCR analysis of muscle DNA after animal euthanasia (Figure 1a) . At the beginning of the study, each experimental group consisted of nine virgin male mice. Animals were euthanized at 7 weeks, 19 weeks and 12 months of age to assess the impact of EAF2 homozygous deletion, Pten heterozygous deletion or both on prostate development, homeostasis and pathogenesis. One of each pair of prostate lobes was isolated and weighed. There was no significant difference in prostatic wet weight at 7 weeks of age between the four different experimental cohorts (Supplementary Figure S1A) . At the age of 19 weeks, EAF2 À / À Pten þ / À prostate exhibited wet weight increase as compared with the wild-type prostate, with a trend in wet weight increase in the order of the anterior (AP), dorsal (DP) and ventral (VP) prostate, but no increase observed in the lateral prostate (LP) (Supplementary Figure S1B) . At the age of 12 months, EAF2 À / À and Pten þ / À mice exhibited wet weight increase in the AP and VP as compared with the wild-type mice. EAF2 À / À Pten þ / À mice had significant wet weight increase in all the four prostate lobes at the age of 12 months (Figures 1b and c) , suggesting that simultaneous deficiency in EAF2 and Pten could act synergistically to promote prostate growth.
EAF2 À / À Pten þ / À mice developed prostate cancer Histological analysis did not identify hyperplasia in the prostate at the age of 7 weeks in any of the mice (Supplementary Figure S2) . At the age of 19 weeks, wild-type and EAF2 À / À mice prostates did not exhibit any morphological change. Prostate hyperplasia was diagnosed in for out of nine (44%) Pten þ / À mice. In contrast, nine out of nine EAF2 À / À Pten þ / À mice exhibited hyperplasia, but no mPIN was observed (Supplementary Figure  S3) . However, as shown in Figure 2a , mice at the age of 12 months exhibited obvious morphological changes in the prostate of EAF2 À / À , Pten þ / À and EAF2 À / À Pten þ / À mice. EAF2 knockout prostate displayed prostate epithelial hyperplasia. Pten þ / À prostate developed a cribiform phenotype within a pre-existing glandular lumen. Hyperplasia was much more significant in the EAF2 À / À Pten þ / À prostate. Most of the hyperplasia changes were focal. Overall, EAF2 À / À prostate presented less extensive morphological changes than Pten þ / À prostate, while morphologic changes were the most dramatic in EAF2 À / À Pten þ / À prostate.
Further histological analysis showed that three out nine (33%) EAF2 À / À Pten þ / À mice developed prostate cancer at 12 months of age, in addition to high-grade mPIN and extensive hyperplasia (Figure 2b ). Prostate cancer was found in the AP (1/9), LP (2/9) and VP (2/9) of EAF2 À / À Pten þ / À mice, and extensive mPIN lesions were presented in all the four lobes of the same cohort. In contrast, no prostate cancer was found in Pten þ / À or EAF2 À / À mice. Pten þ / À mice developed mPIN lesions frequently (8/9) (Figures 2b and c) , with both high-and low-grade mPIN being found in the LP (8/9) and VP (3/9), but not in the AP or DP. EAF2 À / À mice exhibited the same pattern but to a lesser degree, with two out of nine EAF2 À / À mice being diagnosed with mPIN. Prostatic hyperplasia was found in all the four lobes of EAF2 À / À , Pten þ / À or EAF2 À / À Pten þ / À mice at the age of 12 months ( Figure 2 ). As expected, some wild-type mice developed mild prostatic hyperplasia at 12-months of age (Figures 2c and d) , which was much less severe and extensive than those observed in the knockout prostate (Figure 2a) . No mPIN was found in the wild-type mice. The hyperplasia lesions, which developed in the LP exhibited epithelial cells piled up greater than nine cell layers deep with a still intact basement membrane. High-grade mPIN in the VP showed cellular pleomorphism, but the basement membrane remained intact. Cancer lesions were characterized by cellular and nuclear pleomorphism, loss of normal glandular architecture, neoplastic cells effacing the normal glandular architecture, particularly in the AP, loss of integrity of the basement membrane with small foci of necrosis and cellular debris in the VP.
A hallmark of prostate carcinogenesis is the loss of basal epithelial cells. 22, 23 To further characterize the lesions in the EAF2 À / À Pten þ / À prostate, we performed immunostaining of p63, a basal cell marker. All lobes of the wild-type prostate displayed the expected p63 staining pattern beneath the glandular epithelial layer (Figure 3) . In all the lobes of EAF2 À / À Pten þ / À mice, p63 staining revealed no apparent basal cell loss in the mPIN lesions ( Figure 3 ). As expected, loss of p63 staining was observed in a cancer lesion in the LP, which was identified by our pathologist LHR ( Figure 3 ). Loss of EAF2/U19 and Pten induces prostate cancer J Ai et al EAF2 À / À Pten þ / À prostate displayed significant increases in epithelial proliferation in both testes-intact and castrated mice As significantly increased prostate wet weight, hyperplasia, mPIN, and prostate cancer were observed in EAF2 À / À Pten þ / À mice, we investigated whether these phenotypic changes were associated with enhanced cellular proliferation. In the wild-type mice, proliferative indicator, Ki-67-positive luminal epithelial cells were rare and less than 1% in the prostate at 12 months of age Figure S4) . Moreover, 9.7% of the luminal epithelial cells displayed positive Ki-67 staining in the EAF2 À / À Pten þ / À prostate 2 weeks after castration (Figures 4a and c) , which was more than 10-fold higher than that in the wild-type control, indicating that hyperplastic or neoplastic EAF2 À / À Pten þ / À prostatic cells were highly proliferative under castration conditions. EAF2 À / À Pten þ / À mouse prostate displayed elevated levels of phosphorylated Akt, p44/42 and loss of Pten expression One important mechanism for Pten loss to promote carcinogenesis is the activation of the Akt pathway. 14, [24] [25] [26] [27] [28] [29] In order to further explore the potential mechanism of prostate carcinogenesis in EAF2 À / À Pten þ / À mice, we examined the status of phosphorylated Akt (pAkt). As shown in Figure 5a , wild-type and EAF2 À / À mice prostates were pAkt negative (Figure 5a ), indicating that EAF2 knockout alone does not activate Akt. In Pten þ / À mouse prostates, pAkt was focally expressed in the hyperplasia regions with 100% penetrance (Figure 5a ). Compared with the findings in Pten þ / À , pAkt staining in the EAF À / À Pten þ / À prostate was widespread, with large sections of prostatic tissues exhibiting intense staining and a significantly higher H-score than that in Pten þ / À prostate tissues (Figure 5a , Supplementary Figure S5A) . Also, EAF2 À / À Pten þ / À mouse prostates sustained the similar widespread and intense pAkt staining pattern 2 weeks after castration (Figure 5b , Supplementary Figure S5B ), indicating that the activation of Akt pathway in EAF2 À / À Pten þ / À prostate was castration resistant. The p44/42 mitogen-activated protein kinase, which is also negatively regulated by Pten, is a key transducer of proliferation signaling. [29] [30] [31] Only a few sporadic prostate epithelial cells were phospho-p44/42 (p-p44/42)-positive in the wild-type prostates with 78% (7/9) penetrance (Figure 5c ). A slight but not statistically significant increase in p-p44/42 expression was observed in eight out of nine EAF2 À / À mice (Figure 5c ), suggesting that the loss of function of EAF2 could activate p44/42 in the context of wild-type Pten function. In Pten þ / À mouse prostates (Figure 5c ), we detected extensive p-p44/42 expression, particularly in the hyperplasia and PIN regions with 100% penetrance. However, EAF2 À / À on a Pten heterozygous background resulted in extensive and intensive p-p44/42 staining as evidenced by the increased H-score (Figure 5c, Supplementary Figure S5C) . Compared with the single mutants, the increase in p-p44/42 staining intensity and extensiveness in the EAF2 À / À Pten þ / À mice was synergistic, suggesting a potential molecular basis independent of Akt signal pathway for the functional interaction of EAF2 and Pten loss of function.
To a lesser extent, the similar patterns of phospho-Akt and-p44/ 42 staining were also observed in 7 weeks and 19 weeks old mice prostates (Supplementary Figures S6 and S7, Figure 5 ). The extensiveness of phospho-Akt and -p44/42 staining in the single mutants and the EAF2 À / À Pten þ / À animals increased with age. These above findings suggested these changes were related to both the genotype and size of the lesion.
One potential mechanism for the widespread and intense pAkt staining could be the inactivation of the wild-type Pten allele in the EAF2 À / À Pten þ / À prostate. To test this possibility, we performed Pten staining and found significant reduction or loss of Pten staining in a few high-grade PIN lesions ( Figure 6 ). As shown in Supplementary Figure S8 , local reduction or loss of Pten expression in the LP was observed in four of nine EAF2 À / À Pten þ / À mice only, but not in other genotypes (P ¼ 0.0412). Expression of phospho-Akt and -p44/42 was minimal in the wild-type and EAF2 À / À mice and significantly increased in Pten þ / À and EAF2 À / À Pten þ / À mice (see supplementary Figure S5 ). This finding suggested that Pten inactivation, in part, contributed to the widespread increased phospho-Akt and -p44/42 staining. Loss
Given that EAF2 À / À mice displayed an increase in blood vessel formation in the prostate, 32 and tumor angiogenesis is critical to tumor growth and survival, 33 we investigated whether concomitant loss of EAF2 and Pten had co-operative effects on microvessel density in the prostate. We examined microvessel density in the various genotypes of mice by immunostaining (Figure 7) . We found that at the age of 12 months, the number of CD31-positive vessels increased in the prostates of EAF2 À / À and Pten þ / À compared with wild-type animals, and double deletion of EAF2 and Pten further increased microvessel density compared with the single mutants. This study indicated that prostate carcinogenesis induced by the concomitant loss of EAF2 and Pten is associated with increased angiogenesis. Additional studies will be needed to determine whether the increased microvessel density in the double mutant is a cause or result of carcinogenesis.
Phospho-JNK and WNT immunostaining were not altered in EAF2 À / À Pten þ / À mouse prostate The c-Jun NH2-terminal kinases (JNK) signaling pathway has been identified as a functional target of the tumor suppressor Pten. 34 To test whether the JNK signaling pathway was also synergistically activated in EAF2 À / À Pten þ / À mice, phospho-JNK expression was determined by immunohistochemistry in the prostates of 12 months old mice. We did not observe any obvious changes in phospho-JNK staining pattern among the different genotypes (Supplementary Figure S9) . This suggests that the JNK signaling pathway is not involved in EAF2 and Pten functional interaction. As EAF2 has been implicated in the regulation of Wnt signaling, including Wnt4, Wnt5 and Wnt11, [35] [36] [37] we chose one of the genes Wnt4 to evaluate whether there was any alteration in Wnt4 staining in EAF2 À / À Pten þ / À mouse prostate. As shown in Supplementary Figure S10, Wnt4 staining was comparable among the different genotypes. Enhanced Wnt4 expression was found in only one EAF2 À / À Pten þ / À mouse, suggesting that Wnt4 is unlikely a major mediator of functional interactions between EAF2 and Pten in the mouse prostate. However, Wnt signaling alteration through Wnt5 and/or Wnt11 cannot be ruled out.
EAF2/U19 and Pten are concurrently downregulated in human prostate cancer specimens with Gleason score 8 or higher Both EAF2 and Pten are frequently downregulated in human prostate cancer specimens. Therefore, EAF2 and Pten are likely downregulated concurrently in some clinical prostate cancer specimens. To evaluate the expression levels of EAF2 and Pten in human prostate cancer specimens (Supplementary Table S1 ), we isolated prostate cancer cells using laser-capture microdissection and then performed real-time reverse transcription-PCR analysis of EAF2 and Pten gene expression. Using a twofold downregulation as a cut off, no co-downregulation (0/9) was observed in tumors with Gleason score of 7 or lower. EAF2 downregulation was observed in one out of nine, and no Pten downregulation (0/9) was observed in tumors with low Gleason scores (Figures 8a and b) . In contrast, co-downregulation of EAF2 and Pten was detected in 450% (6/11) prostate cancer specimens with Gleason scores of 8-9. The difference of EAF2/Pten codownregulation incidence between the two cohorts, one with Gleason 7 or lower (0/9) and the other with Gleason 8 or 9 (6/11), was statistically significant (P ¼ 0.018) (Figure 8 ). These findings Loss of EAF2/U19 and Pten induces prostate cancer J Ai et al suggest that EAF2/Pten co-downregulation is associated with aggressive prostate cancer.
DISCUSSION
Using EAF2 À / À Pten þ / À mice and clinical prostate cancer specimens, this study provides strong evidence for EAF2 as a prostate tumor suppressor in the prostate, and demonstrates the importance of multiple genetic defects, specifically concurrent EAF2 and Pten downregulation, in prostate carcinogenesis. The findings described herein further substantiate the importance of exploring the mechanisms of EAF2 action, as well as its interactions with other important signaling pathways in prostate carcinogenesis.
Our studies argue that EAF2 is an important tumor suppressor in the prostate, particularly in the presence of other genetic abnormalities such as Pten downregulation. EAF2 inactivation increased hyperplasia and PIN but not prostate cancer in the mouse prostate (Figure 2) . 5 However, EAF2 deletion in Pten þ / À mice induced an increased incidence of prostate cancer (3/9, 33%) compared with Pten deletion alone (0/9, 0%). These observations argue that EAF2 inactivation can exacerbate defects caused by Pten downregulation, leading to prostate cancer development and progression. It will be interesting to determine whether EAF2 inactivation can also synergistically enhance the defects caused by other genetic and/or molecular abnormalities in the prostate. Understanding the mechanisms by which EAF2 loss promotes prostate carcinogenesis, and the synergism between EAF2 inactivation and other genetic abnormalities may lead to new approaches to prevent and/or treat prostate cancer. As prostate cancers are associated with multiple genetic abnormalities, 2 investigating the crosstalk between EAF2-regulated signaling and other pathways, such as Pten will be clinically relevant.
EAF2 À / À , Pten þ / À and EAF2 À / À Pten þ / À mice developed prostate, and no obvious growth defects or histological changes were observed in these mice as compared with the wildtype control prostate at 7 weeks of age. This observation suggested EAF2 and Pten defects did not affect early prostate development. The prostatic defect in the EAF2 and Pten-knockout mice was mild at 19 weeks of age, and became more severe at 12 months. Thus, EAF2 and/or Pten has an important role in the mature prostate. Individual EAF2 homozygous deletion or Pten heterozygous deletion could disrupt prostate homeostasis, but was not sufficient to drive the development of prostate cancer. The impact on prostate homeostasis by EAF2 homozygous deletion together with Pten heterozygous deletion was much more profound, leading to significant increases in prostate wet weight, elevated proliferation and eventually the development of prostate cancer.
The prostate cancers in EAF2 À / À Pten þ / À mice also appeared to resist castration. The prostate cancer in EAF2 À / À Pten þ / À was highly proliferative in the absence of androgens, as evidenced by a Ki-67 index, more than 10 times higher than that of castrated wildtype prostate. The Ki-67 index in EAF2 À / À Pten þ / À prostate was also significantly higher than that in EAF2 À / À or Pten þ / À prostate under castration conditions, corresponding to the increased cellular proliferation displayed by prostate cancer. Also, increased immunostaining of pAkt was widespread and intense in castrated EAF2 À / À Pten þ / À prostate, suggesting that Akt signaling remained active under castration conditions. Taken the above data together, prostate cancers induced by concomitant loss of EAF2 and Pten were resistant to castration in the mouse model, and loss of EAF2 could accelerate or enhance castration-resistance associated with Pten deletion. 15, 38 These observations also suggest that clinical prostate tumors with concurrent EAF2 and Pten downregulation are prone to castration-resistance.
We did not observe macroscopic tumors in other organs of the EAF2 À / À Pten þ / À mice on a C57/BL6 genetic background, suggesting that disruption of EAF2 and Pten pathways in these animals may not have synergism in organs other than the prostate. Genetic background appears to have an important role in carcinogenesis associated with EAF2 loss, because our previous studies showed that EAF2 knockout alone in a mixed genetic background was sufficient to cause lung adenocarcinoma, hepatocellular carcinoma and B-cell lymphoma. 5 As these types of tumors were not detected in the EAF2 À / À or EAF2 À / À Pten þ / À mice on a C57/BL6 background, the C57/BL6 genetic background appeared to be suppressive in EAF2 knockout-induced carcinogenesis.
EAF2 À / À Pten þ / À mice represent a clinically relevant prostate cancer model. EAF2 homozygous knockout mice developed prostatic hyperplasia and mPIN. Similarly, Pten heterozygous knockout mice developed prostatic hyperplasia and mPIN. Neither EAF2 knockout nor Pten heterozygous mice developed prostate cancer, even at an advanced age. However, 33% of mice with EAF2 homozygous deletion and Pten heterozygous deletion developed prostate cancer by the age of 12 months. These observations argue for a synergistic interaction between signaling pathways activated by EAF2 knockout and Pten heterozygous knockout, which subsequently drive the development of an invasive prostate carcinoma. The synergism is supported by the dramatic elevation of AKT and p44/42 phosphorylation ( Figure 5) , and increased vascularity (Figure 7 ) in the EAF2 À / À Pten þ / À mouse prostate as compared with the EAF2 À / À or Pten þ / À prostate. Microvessel density is considered to be highly correlated with prostate cancer progression. 39 Elevated AKT and p44/42 phosphorylation are also common in advanced prostate cancer specimens, further substantiating the clinical relevance of the EAF2 À / À Pten þ / À prostate cancer model. EAF2 À / À Pten þ / À mice represent an excellent model for testing new therapeutics for a major subset of prostate cancers, which exhibit concurrent EAF2 and Pten downregulation.
In human prostate cancer specimens, co-downregulation of EAF2 and Pten was observed in 450% of prostate cancers with Gleason scores of 8-9 (n ¼ 11), which is associated with poor prognosis. Moreover, the difference of EAF2/Pten co-downregulation between the two cohorts, one with Gleason 7 or lower and the other with Gleason 8 or 9, was statistically significant, suggesting that EAF2/Pten co-downregulation is associated with poor prognosis (Figure 8) .
In summary, our findings argue that EAF2 is an important tumor suppressor in the prostate, and its inactivation can synergize with Pten heterozygous loss in driving prostate cancer development and progression. The EAF2 À / À Pten þ / À mouse model displayed an increased incidence in the prostate cancer, which was accompanied by activation of the AKT and p44/42 signaling pathways and enhanced angiogenesis. EAF2 and Pten were downregulated concurrently in more than half of the advanced human prostate cancer specimens examined, suggesting that this model represents a clinically relevant model of prostate cancer development and progression. This study provides a strong foundation to further elucidate the mechanisms of EAF2 action and its interaction with other important signaling pathways in prostate carcinogenesis.
MATERIALS AND METHODS
Generation of Pten þ / À and EAF2 À / À mice Generation and characterization of Pten þ / À (http://mouse.ncifcrf.gov/) 21 and EAF2 þ / À 4,5 mice have been described previously. By crossing the Pten þ / À mice on C57BL/6 genetic background and EAF2 þ / À mice also on C57BL/6 genetic background, we produced EAF2 0 -ACGAGACTAGTGAGACGTGC-3 0 (mutated reverse). The F:WR was used to detect the wild-type allele and F:KOR was used to detect the mutant allele. The PCR products are 508 bp (wild-type allele of EAF2), 231 bp (mutant allele of EAF2), 240 bp (wild-type allele of Pten) and 320 bp (mutant allele of Pten). All the animal studies outlined in this work were performed in accordance with the Institutional Animal Use and Care Committee.
Animal study design
Ten or nine virgin male mice with the above four different genotypes were killed at each time point of 7 weeks, 19 weeks and 12 months of age. For androgen ablation studies, five mice for each of the four genotypes at the age of 12 months were castrated and then killed 2 weeks later.
Histological and pathological analysis
Prostate tissues were formalin fixed and paraffin embedded. Sections were prepared for hematoxylin and eosin and antibody staining using routine procedures. The following antibodies were used for immunohistochemical staining: mouse monoclonal anti-p63 (sc-8431) and rabbit polyclonal antiandrogen receptor antibody (N-20, sc-816) (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), rabbit monoclonal anti-Ki-67 (Epitomics Inc., Burlingame, CA, USA), rabbit monoclonal anti-Pten (138G6), rabbit monoclonal anti-phospho-Akt (Ser 473), rabbit polyclonal anti-phosphop44/42, rabbit polyclonal anti-phospho-SAPA/JNK (Thr183/Tyr185) antibodies (Cell Signaling Inc., Danvers, MA, USA), rat monoclonal anti-CD31 (MEC 13.3, 550274, BD Biosciences, San Jose, CA, USA), rabbit polyclonal anti-WNT4 antibody (center) (Epitomics Inc). DBA (3,3'-Diaminobenzidine) (Sigma, St Louis, MO, USA) staining was performed according to manufacturer's protocol (Zymed Laboratories Inc., San Francisco, CA, USA). Histological analysis was performed by an animal pathologist according to the standard described previously. 40 For quantification of Ki-67 staining in the prostate tissues, the percentage of Ki-67-positive cells was calculated by counting totally 1000 epithelial cells in the field, which contained Ki-67-positive cells. Assessment of CD31-positive microvessel density was determined based on CD31-positive blood vessel count as previously described. 32, 41 LCM and real-time reverse transcription-PCR analysis of human prostate cancer specimens Treatment naïve human prostate cancer specimens with Gleason score 6-7 or 8-9 were sectioned and evaluated by a board-certified pathologist. Prostate cancer cells and adjacent normal glandular epithelial cells were isolated by laser-capture microdissection using Leica LMD6000 Microsystems (Wetzlar, Germany). The expression of EAF2 and Pten genes was analyzed by DRT-qPCR. The oligos were used as follows: EAF2 sense 
Statistical analysis
All statistical analysis was performed using online GraphPad software (http://www.graphpad.com/). Statistical differences were determined by w 2 test without Yates correction in Figure 1c and Student's t-test in Figures 4b and c, and Figure 7 . A Fisher's exact test was used to determine whether co-downregulation was significant in Figure 8 . Po0.05 was considered significant.
